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Abstract: 2,6-Disubstituted anilines are readily prepared from
the direct reaction between amides and diaryliodonium salts.
As demonstrated for 24 different examples, the reaction is of
unusually broad scope with respect to the sterically congested
arene and the nitrogen source, occurs without the requirement
for any additional promoter, and proceeds through a direct
reductive elimination at the iodine(III) center. The efficiency of
the coupling procedure is further demonstrated within the short
synthesis of a chemerin binding inhibitor.
Carbon–nitrogen bond formation is a synthetic endeavor of
paramount importance. Processes that enable direct amina-
tion reactions decidedly streamline organic synthesis, and can
be of special significance in cases that have no biosynthetic
precedence.[1] A particularly prominent example of innova-
tive C@N bond installment is the synthesis of anilines by
transition-metal-catalyzed coupling between amine sources
and aryl halides or related arene sources. In this area,
palladium[2] and copper[3] have traditionally received major
attention. A complementary approach consists of carbon–
nitrogen bond formation through the application of activated
diaryliodonium derivatives,[4] which serve as suitable partners
in transition-metal coupling processes.[5] Alternatively, they
may engage in direct C@N coupling reactions, even in the
absence of a metal promoter, an aspect which has attracted
considerable attention from biomedical sciences. Examples
include aniline syntheses by the arylation of amides,[6a,b]
aromatic amines,[6c,d] methoxyamines,[6e] ammonia,[6f] hetero-
cycles,[6g,h] and radical rearrangements.[6i] Although aniline
syntheses have thus far reached a significant level of general-
ity,[7] we observed that there is little synthetic prospect for
C@N bond formation in the particular case of 2,6-disubsti-
tuted aniline derivatives.[8] This scaffold is of significant
interest, since it is incorporated in a series of relevant
compounds of pharmaceutical and herbicidal interest.
Selected examples are depicted in Figure 1.
We demonstrate here that iodine(III) compounds of the
general formula Ar2I-NPhth (HNPhth= phthalimide), which
can be accessed in situ by anion exchange of common
diaryliodonium salts[4b,c] with potassium phthalimide, effi-
ciently promote a direct reductive C(sp2)@N bond formation,
with a particularly broad scope for the coupling of sterically
congested arene groups. In contrast to common methods in
the area, no transition-metal promoters are required for this
process.
Figure 1. Examples of pharmaceuticals and herbicides containing
a 2,6-dialkylaniline core.
Table 1: Metal-free C@N bond formation from diphenyliodonium salts:
reaction optimization.
Entry Amide (equiv) Solvent t [h] T [8C] Yield [%][a]
1 phthalimide (5.0) CH2Cl2 44 40 9
2 phthalimide (4.0) toluene 24 84 60
3 phthalimide (3.0) toluene 24 84 54
4 phthalimide (3.0) toluene 24 100 67
5 phthalimide (2.0) toluene/PhCl 24 100 23
6 phthalimide (2.0) toluene/PhCl 24 110 50
7 phthalimide (2.0) toluene/PhCl 24 120 50
8 4Fphthalimide (3.0)[b] toluene 24 100 75
[a] Yield of isolated product after purification. [b] 4FPhthalimide =
tetrafluorophthalimide. The product is N-phenyl tetrafluorophthalimide
3a.
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The reaction was initially developed for the diphenyl-
iodonium salt 1a and phthalimide as the nucleophilic nitrogen
source (Table 1).[9] Treatment of 1a with 5 equivalents of
potassium phthalimide in dichloromethane at reflux led to
a low yield of the desired product 2a (entry 1). A change in
the solvent allowed optimization of the reaction, and yields of
60% and 54% were obtained in toluene with 4 and
3 equivalents of phthalimide, respectively (entries 2 and 3).
Alternative solvents such as dichloroethane, dioxane, or DMF
resulted in little to no conversion.[10] Increasing the reaction
temperature to 100 8C led to the yield rising to 67% (entry 4),
while the addition of chlorobenzene led to higher solubiliza-
tion of potassium phthalimide, albeit at the expense of the
yields (entries 5–7). Finally, tetrafluorophthalimide was
tested (entry 8). Under the former best conditions for
phthalimide, its tetrafluoro derivative led to formation of 3a
in an improved 75% yield of the isolated product.
Replacement of the diphenyliodonium salt 1a by the
mixed reagent [MesIPh]OTs (1b) led to exclusive formation
of a C@N bond involving the mesityl group, and N-mesityl
tetrafluorophthalimide 3b was obtained in 68% yield. A
related preferential behavior for mesitylene transfer was
reported for related studies on aniline syntheses with diaryl-
iodonium reagents, including an amination with acetami-
de.[6c,11] These processes are complemented by electrophilic
amination of arenes initiated by hypervalent iodine,[12]
although this approach has not yet been employed for the
synthesis of 2,6-disubstituted aniline derivatives.
Based on this observation, the aryl amination reaction was
investigated for additional sterically congested aryl substitu-
tents (Scheme 1). As a consequence of the successful
formation of 3b, preference was directly given to the
challenging 2,6-disubstitution motif. For this particular class
of compounds, the present transformation indeed provided
excellent conditions. Investigation of [Mes2I]OTf revealed an
identical outcome for the synthesis of 3b. As a result of their
more economic synthesis,[4] mixed aryl(phenyl)iodonium salts
were employed in the following. In this way, purification is
eased because, with PhI as the by-product, compounds 3 can
usually be obtained by simple crystallization. In addition to
the examples of 3a and 3b, several 2,6-dimethylated deriv-
atives could be aminated cleanly to give the corresponding
derivatives 3c–f in yields of 70–80%. Aniline derivative 3c
was synthesized readily on a 4.6 mmol scale. Larger ortho
substituents, such as ethyl or even 2-propyl, were likewise
tolerated (3g and 3h ; 90 and 70% yield, respectively).
Halogen substitution is readily compatible, as demonstrated
for product 3 i, which would be difficult to synthesize through
common transition-metal catalysis.[2] The 2,6-dichloro motif
and higher-substituted derivatives thereof were explored by
using 3j–3n (51–75% yields). Finally, the mixed 2-nitro-6-
methyl derivative 3o demonstrated that even the stereo-
electronically demanding nitro substituent can be employed
(87% yield). In all these reactions, exclusive transfer of the
higher substituted arene was observed, and the alternative
product 3a was not detected in any of these cases. The
attractiveness of tetrafluorophthalimide as the ammonia
surrogate was demonstrated through the deprotection of 3c
by convenient aminolysis to provide 2,6-dimethylaniline 3cQ
quantitatively.
The successful synthesis of compounds 3b–o significantly
broadens the availability of 2,6-disubstituted anilines and
higher-substituted derivatives thereof.
The present amination is not limited to phthalimide and
tetrafluorophthalimide. By employing dimesityliodonium-
Scheme 1. Amination of 2,6-disubstituted arenes: scope. [a] Reaction
with [Mes2I]OTf (4a). [b] Reaction on a 4.6 mmol scale.
Scheme 2. Amination of [Mes2I]OTf (4a) with different nitrogen
sources: scope.
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(III) triflate as the aryl component, other phthalimides such
as 4-nitrophthalimide and 4-bromophthalimide provide sim-
ilarly good results (Scheme 2, products 5a,b). Additional
successful nitrogen sources include succinimide (product 5c),
saccharin (product 5d), and 1,8-naphthalimide (product 5e),
which led to products in 43–72% yield. Moreover, the
pharmaceutically important class of oxazolidinones and
lactams also undergo arylation, as demonstrated for the
three products 5 f–h (77–95% yield). While common carbox-
amides display low reactivity, tosylimide underwent a clean
arylation reaction to 5 i (56% yield).
The synthetic utility of the present coupling was further
demonstrated within a short synthesis of the N,N’-diarylated
pyrrolidinone carboxamide 9 (Scheme 3). This compound is
representative of a family of binding inhibitors of the
chemoattractant peptide chemerin to the G-protein coupled
receptor ChemR23. Its reported preparation comprises
a linear synthesis based on preformed anilines.[13] By employ-
ing our new C@N coupling method as the key transformation,
a convenient protecting-group-free two-step synthesis starts
with selective N-arylation at the lactam of commercially
available pyrrolidinone carboxamide 6. The second N-aryla-
tion at the free amide group in 7 yields inhibitor 9, which is
obtained in an overall 45% yield from 6.[14, 15] Depending on
the chosen aryl groups, rapid structural diversification should
be possible, thereby creating new pharmaceutical space
through advanced C@N coupling.
Mechanistically, the reaction should proceed by anion
exchange at the iodine center, where the tetrafluorophthal-
imidato ligand is incorporated prior to aniline formation. To
investigate this direct C@N bond formation from diaryliodo-
nium compounds containing defined imidato groups, we
synthesized two derivatives with different nitrogen entities
(Scheme 4). Compound 11a contains the bistosylimide
moiety, which represents the standard nitrogen source in
our recent iodine(III)-mediated amination chemistry.[16, 17] It
was conveniently accessed from the known iodine(III)
derivative 10[16a] by electrophilic activation of benzene.
Compound 11b contains the tetrafluorophthalimide anion
and was generated through amide exchange with potassium
tetrafluorophthalimide from 11a or 1a, respectively. The
latter synthesis successfully demonstrates the viability of
common anion exchange for phthalimide in complexes 1a–o.
According to X-ray analysis, both species 11a,b display the
expected T-shape constitution at the iodine center, with only
a small deviation of the N-I-C bond angles from linearity.[14]
The respective iodine–nitrogen bond lengths of 2.874(1) and
2.758(2)c are comparable. They are longer than the N@I
bond in a related phthalimidato iodine(III) derivative
reported by Minakata and co-workers, which generates
a nucleophilic phthalimide source under oxidation condi-
tions.[18] The present reactivity scenario corroborates an
anionic character of the tetrafluorophthalimide in 11b,
which excludes involvement of electrophilic amination path-
ways commonly encountered in hypervalent iodine chemis-
try.[12,19]
More instructively, 11a and 11b display significantly
different chemical performances. As a consequence of its
highly stabilized bistosylimide group as the nitrogen source,
iodine(III) compound 11a is stable against any observable
reductive carbon–nitrogen bond formation.[10] Even upon
prolonged heating in toluene solution, only starting material
was recovered. In contrast, isolated 11b readily undergoes
thermally induced quantitative formation of the C@N cou-
pling product 3a with a clear first order dependence and the
expected temperature dependence.[10] The reaction could thus
be monitored by 19F NMR spectroscopy at different temper-
atures between 80 and 110 8C by employing a toluene/DMF
solution to guarantee homogeneous conditions.[20] An Arrhe-
nius plot[10] provides a value for the activation energy of
34.8 kcalmol@1 for C@N bond formation from 11b, which is in
agreement with the high reaction temperature required
experimentally. The corresponding Eyring plot reveals an
activation enthalpy DDH* of 34.1 kcalmol@1 and an entropy
of DDS*= 105.5 JK@1. This scenario supports the assumption
of an ordered transition state A, in which the original N@I
bond has dissociated and in which product formation
proceeds through a three-center-four-electron transition
Scheme 3. Synthesis of N,N’-diarylated pyrrolidinone carboxamide 9
and solid-state structures of 7 and 9 (ellipsoids at 50% probability).
Scheme 4. Synthesis of diaryliodonium(III) amidato complexes 11a,b
and solid-state structures (ellipsoids at 50% probability).[14] Selected
bond lengths [b] and angles [8]: 11a : N1–I1 2.874(1); N1-I1-C1
170.09(5), N1-I1-C7 79.57(5). 11b : N1–I1 2.758(2); N1-I1-C1
174.95(9), N1-I1-C7 86.29(8).
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state (Figure 2).[2, 21,22] This pathway is reminiscent of related
mechanisms in transition-metal chemistry. It is further aided
by the 2,6-disubstitution motif, which adds steric bulk to
transition state A, thus promoting reductive elimination
within a completely predictable regioselective manner.[23]
Reductive elimination on diaryliodonium(III) derivatives
through a transition state analogous to A was invoked
previously by Ochiai and co-workers.[24]
In summary, we have developed a new procedure for the
rapid and productive synthesis of 2,6-disubstituted anilines
and their higher-substituted derivatives. It proceeds through
a direct reductive C@N bond formation, which constitutes
a transition-metal-like performance of the iodine(III)
reagent. This approach is applicable for a wide range of aryl
groups and nitrogen sources. It significantly streamlines the
synthetic path to this class of compounds and should enable
a larger structural diversification of these aniline cores in the
screening of molecular structures of pharmaceutical interest.
Acknowledgments
We thank F. Hoffmann-La Roche Ltd., the Spanish Ministry
for Economy and Competitiveness, and FEDER (CTQ2014-
56474R grant to K.M., Severo Ochoa Excellence Accredita-
tion 2014–2018 to ICIQ, SEV-2013-0319) for financial sup-
port, as well as E. Escudero-Ad#n for the X-ray analyses.
Keywords: amination · anilines · arylation · hypervalent iodine ·
phthalimide
How to cite: Angew. Chem. Int. Ed. 2016, 55, 13335–13339
Angew. Chem. 2016, 128, 13529–13533
[1] a) A. Ricci, Modern Amination Methods, Wiley-VCH, Wein-
heim, 2000 ; b) A. Ricci, Amino Group Chemistry: From Syn-
thesis to the Life Sciences, Wiley-VCH, Weinheim, 2008 ; c) R.
Hili, A. K. Yudin, Nat. Chem. Biol. 2006, 2, 284 – 287.
[2] a) L. Jiang, S. L. Buchwald in Metal-Catalyzed Cross-Coupling
Reactions, Vol. 2, 2nd ed., Wiley-VCH, Weinheim, 2004, p. 699;
b) A. R. Muci, S. L. Buchwald, Top. Curr. Chem. 2002, 219, 131 –
209; c) J. F. Hartwig, Synlett 2006, 1283 – 1294; d) J. F. Hartwig,
Acc. Chem. Res. 2008, 41, 1534 – 1544; e) D. S. Surry, S. L.
Buchwald, Chem. Sci. 2011, 2, 27 – 50; f) J. Kim, H. J. Kim, S.
Chang, Eur. J. Org. Chem. 2013, 3201 – 3213; g) J. Jiao, K.
Murakami, K. Itami, ACS Catal. 2016, 6, 610 – 633.
[3] a) F. Ullmann, J. Bielecki, Ber. Dtsch. Chem. Ges. 1901, 34,
2174 – 2185; b) F. Ullmann, Justus Liebigs Ann. Chem. 1904, 332,
38 – 81; c) G. Evano, N. Blanchard, M. Toumi, Chem. Rev. 2008,
108, 3054 – 3131; d) S. H. Cho, J. Y. Kim, J. Kwak, S. Chang,
Chem. Soc. Rev. 2011, 40, 5068 – 5083; e) B. Renger, Synthesis
1985, 856 – 860.
[4] a) V. V. Zhdankin, Hypervalent Iodine Chemistry Preparation,
Structure and Synthetic Applications of Polyvalent Iodine Com-
pounds, Wiley, Chichester, 2013 ; b) E. A. Merritt, B. Olofsson,
Angew. Chem. Int. Ed. 2009, 48, 9052 – 9070; Angew. Chem.
2009, 121, 9214 – 9234; c) K. Aradi, B. L. Tlth, G. L. Tolnai, Z.
Nov#k, Synlett 2016, 1456 – 1485.
[5] a) B. Berzina, I. Sokolovs, E. Suna, ACS Catal. 2015, 5, 7008 –
7014; b) I. Sokolovs, D. Lubriks, E. Suna, J. Am. Chem. Soc.
2014, 136, 6920 – 6928; c) K. Matsuzaki, K. Okuyama, E.
Tokunaga, N. Saito, M. Shiro, N. Shibata, Org. Lett. 2015, 17,
3038 – 3041; d) D. Lubriks, I. Sokolovs, E. Suna, J. Am. Chem.
Soc. 2012, 134, 15436 – 15442; e) F. Xie, Z. Zhang, X. Yu, G.
Tang, X. Li,Angew. Chem. Int. Ed. 2015, 54, 7405 – 7409;Angew.
Chem. 2015, 127, 7513 – 7517; f) P. Li, G. Cheng, H. Zhang, X.
Xu, J. Gao, X. Cui, J. Org. Chem. 2014, 79, 8156 – 8162.
[6] a) F. Tinnis, E. Stridfeldt, H. Lundberg, H. Adolfsson, B.
Olofsson, Org. Lett. 2015, 17, 2688 – 2691; b) J. Bergman, B.
Stensland, J. Heterocycl. Chem. 2014, 51, 1 – 10; c) J. Malmgren,
S. Santoro, N. Jalalian, F. Himo, B. Olofsson, Chem. Eur. J. 2013,
19, 10334 – 10342; d) M. A. Carroll, R. A. Wood, Tetrahedron
2007, 63, 11349 – 11354; e) N. Lucchetti, M. Scalone, S. Fantasia,
K. MuÇiz, Adv. Synth. Catal. 2016, 358, 2093 – 2099; f) J. Li, L.
Liu, RSC Adv. 2012, 2, 10485 – 10487; g) Z. Gonda, Z. Nov#k,
Chem. Eur. J. 2015, 21, 16801 – 16806; h) T. Bihari, B. Babinszki,
Z. Gonda, S. Kov#cs, Z. Nov#k, A. Stirling, J. Org. Chem. 2016,
81, 5417 – 5422; i) J. Peng, C. Chen, Y. Wang, Z. Lou, M. Li, C.
Xi, H. Chen, Angew. Chem. Int. Ed. 2013, 52, 7574 – 7578;
Angew. Chem. 2013, 125, 7722 – 7726.
[7] The Chemistry of Anilines, Vol. 1,2 (Ed.: Z. Rappoport), Wiley,
New York, 2007.
[8] For a nonrelated approach using triarylbismuth derivatives, see
A. Fedorov, S. Combes, J.-P. Finet, Tetrahedron 1999, 55, 1341 –
1352.
[9] For nonrelated metal-free amination of arenes with phthalimide,
see a) T. W. Greulich, C. G. Daniliuc, A. Studer, Org. Lett. 2015,
17, 254 – 257; b) H. J. Kim, J. Kim, S. H. Cho, S. Chang, J. Am.
Chem. Soc. 2011, 133, 16382 – 16385; c) A. A. Kantak, S.
Potavathri, R. A. Barham, K. M. Romano, B. DeBoef, J. Am.
Chem. Soc. 2011, 133, 19960 – 19965.
[10] See the Supporting Information for details.
[11] a) T. B. Petersen, R. Khan, B. Olofsson, Org. Lett. 2011, 13,
3462 – 3465; b) B. Wang, J. W. Graskemper, L. Qin, S. G.
DiMagno, Angew. Chem. Int. Ed. 2010, 49, 4079 – 4083; Angew.
Chem. 2010, 122, 4173 – 4177.
[12] Reviews: a) R. Narayan, S. Manna, A. P. Antonchick, Synlett
2015, 1785 – 1803; b) R. Samanta, K. Matcha, A. P. Antonchick,
Eur. J. Org. Chem. 2013, 5769 – 5804.
[13] T. T. Charvat, H. Chu, A. Krasinski, C. W. Lange, M. R. Leleti,
J. P. Powers, S. Punna, T. J. Sullivan, S. Ungashe, WO 035332A1,
2011.
[14] CCDC 1491279 (11a), 1491280 (11b), 1491282 (9), and 1491281
(7) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.
[15] When synthesized independently, 7 was obtained in 35%
yield.[10]
[16] Selected examples: a) J. A. Souto, C. Mart&nez, I. Velilla, K.
MuÇiz, Angew. Chem. Int. Ed. 2013, 52, 1324 – 1328; Angew.
Chem. 2013, 125, 1363 – 1367; b) J. A. Souto, Y. Gonz#lez, _.
Iglesias, D. Zian, A. Lishchynskyi, K. MuÇiz, Chem. Asian J.
2012, 7, 1103 – 1111; c) L. Fra, A. Mill#n, J. A. Souto, K. MuÇiz,
Angew. Chem. Int. Ed. 2014, 53, 7349 – 7353; Angew. Chem.
2014, 126, 7477 – 7481.
[17] K. Kiyokawa, S. Yahata, T. Kojima, S. Minakata,Org. Lett. 2014,
16, 4646 – 4649.
Figure 2. Mechanism of the C@N bond formation.
Angewandte
ChemieCommunications
13338 www.angewandte.org T 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 13335 –13339
[18] K. Kiyokawa, T. Kosaka, T. Kojima, S. Minakata, Angew. Chem.
Int. Ed. 2015, 54, 13719 – 13723;Angew. Chem. 2015, 127, 13923 –
13927.
[19] For reactions involving electrophilic nitrogen atoms from
activation with PIFA, see I. Tellitu, E. Dom&nguez, Trends
Heterocycl. Chem. 2011, 15, 23 – 32.
[20] This positive activation parameter points to involvement of
a strongly coordinated DMF molecule in the rate-determining
step under the conditions of the NMR study. The reductive
elimination is, thus, retarded through a pre-equilibrium between
11b and 11b(dmf). It is well-known that coordinating solvents
generally slow down the rate of reductive elimination of aryl
iodides from diaryliodonium salts. See Ref. [4b] for details.
[21] A mechanistic alternative would include an initial O@I inter-
mediate, as previously discussed for enolate arylation (for
details, see Ref. [6c], P.-O. Norrby, T. B. Petersen, M. Bielawski,
B. Olofsson, Chem. Eur. J. 2010, 16, 8251 – 8254). Such an
ambident behavior may be possible for unsymmetrical amides
such as saccharin. However, this O@I formation would require
significant activation for nonpolarized cases such as phthali-
mides, which coordinate and react exclusively through their
nitrogen atom. For a recent discussion on this context, see C.
Mart&nez, E. P8rez,_. Iglesias, E. C. Escudero-Ad#n, K. MuÇiz,
Org. Lett. 2016, 18, 2998 – 3001.
[22] a) M. S. Driver, J. F. Hartwig, J. Am. Chem. Soc. 1997, 119, 8232 –
8245; b) S. Shekhar, P. Ryberg, J. F. Hartwig, J. S. Mathew, D. G.
Blackmond, E. R. Strieter, S. L. Buchwald, J. Am. Chem. Soc.
2006, 128, 3584 – 3591.
[23] a) K. M. Lancer, G. H. Wiegand, J. Org. Chem. 1976, 41, 3360 –
3364; b) Y. Yamada, K. Kashima, M. Okawara, Bull. Chem. Soc.
Jpn. 1974, 47, 3179 – 3180; c) Y. Yamada, M. Okawara, Bull.
Chem. Soc. Jpn. 1972, 45, 1860 – 1863; d) S. Mart&n-Santamar&a,
M. A. Carroll, C. M. Carroll, C. D. Carter, V. W. Pike, H. S.
Rzepa, D. A. Widdowson, Chem. Commun. 2000, 649 – 650;
e) M. A. Carroll, S. Mart&n-Santamar&a, V. W. Pike, H. S. Rzepa,
D. A. Widdowson, J. Chem. Soc. Perkin Trans. 2 1999, 2707 –
2714.
[24] a) T. Okuyama, T. Takino, T. Sueda, M. Ochiai, J. Am. Chem.
Soc. 1995, 117, 3360 – 3367; b) M. Ochiai, Y. Takaoka, K. Sumi,
Y. Nagao, J. Chem. Soc. Chem. Commun. 1986, 1382 – 1384;
c) M. Ochiai, T. Shu, T. Nagaoka, Y. Kitagawa, J. Org. Chem.
1997, 62, 2130 – 2138.
Received: July 7, 2016
Published online: September 21, 2016
Angewandte
ChemieCommunications
13339Angew. Chem. Int. Ed. 2016, 55, 13335 –13339 T 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org
